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Summary of Major Accomplishments:
1Background on BgtL

BotL, LLC (BgtlL) is focused on developing and commalizing its proprietary compact technology for
processes in the energy sector. One such applicatia compact high efficiency Thermal Energy
Storage (TES) system that utilizes the heat obfusihrough phase change between solid and liquid to
store and release energy at high temperaturesnantporate state-of-the-art insulation to mininizat
dissipation. BgtL’'s TES system would greatly impgdhe economics of existing nuclear and coal-fired
power plants by allowing the power plant to stanergy when power prices are low and sell power into
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the grid when prices are high. Compared to exgdbiattery storage technology, BgtL’'s novel thermal
energy storage solution can be significantly lexstlg to acquire and maintain, does not have arstava
or environmental emissions, and does not deteaaratr time; it can keep constant efficiency and
operates cleanly and safely. BgtL's engineerseaperienced in this field and are able to desigh a
engineer such a system to a specific power plaatjisirements. BgtL also has a strong manufaaurin
partner to fabricate the system such that it giealifor an ASME code stamp. BgtL’s vision is tothe
leading provider of compact systems for varioudiapgpons including energy storage.

BgtL requests that all technical information abth& TES designs be protected as proprietary
information. To honor that request, only non-prefary summaries are included in this report.

2 Objectives
The objectives of this work are:

1) To develop a conceptual design for a full-sra@sportable TES unit utilizing molten aluminunogll

as the high temperature phase change materiatahdte utilized with a Sodium-Cooled Fast Reactor
(SFR) Nuclear Power Plant (NPP) or a coal-fired @oplant;

2) To identify how TES can be integrated togethigéhw SFR NPP or coal-fired power plant to increase
the plant electrical output when electricity isgireater demand and decrease the plant electrigalitou
when electricity is in lesser demand while the poplant continues to operate in a baseload fashi@n
constant thermal power level;

3) To develop a computer code modeling the trahgierformance of a TES unit that can be utilized to
optimize the TES unit design;

4) To optimize the TES conceptual design for ugé wie Advanced Fast Reactor (AFR)-100 SFR
Small Modular Reactor (SMR) NPP;

5) To investigate a rough cost estimate for thenadum alloy-based TES approach versus other energy
storage technologies;

6) To develop a conceptual design for a testingitiaand a small-scale prototype TES unit for frgtu
testing at Argonne National Laboratory (ANL); and

7)To recommend future work for the continuationT&S development under the GAIN Program.

3 Aluminum Alloy Properties for TES Applications

The BgtL, LLC (BgtL) TES concept uses aluminum glés the high temperature phase change material.
Pure aluminum (Al) has a melting temperature of 860 By varying the alloy composition, the
freezing/melting range can be selected to liediesired interval below the Al melting temperatuFer
example, as shown by the aluminum-magnesium phageath, by alloying with 10.83 weight %
magnesium, the melting/freezing range can be spgretadeen solidus and liquidus temperatures of 508.3
and 600 °C, or by alloying with 35.6 weight % magjoen can be lowered to a single eutectic
temperature of 450 °C. Thus, the phase changectatpe can be selected to match up well with the
maximum intermediate sodium loop temperature dfFR 8r the maximum steam temperature of a coal-
fired power plant through selection of the appratarialloy composition. The high thermal condutyivi

of aluminum alloys makes it practical to condu@rthal energy into and out of the alloy during phase
change.
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Pure aluminum undergoes a significant volume expangon melting of 7 % by volume. The large
volume expansion or contraction upon melting oeZreg of the aluminum alloy must be accommodated
in the design of a TES unit. Molten aluminum amalten aluminum alloys are highly corrosive to steel
and other structural materials some of which cadissolved away in minutes [1]. Thus, for a TE& un
to work successfully, it is necessary to proteatcttiral materials from attack. Data exist thajgast
materials that might be resistant to attack by em#luminum alloys [1].

Thermophysical properties were estimated by Argdon85.6 and 10.83 wt % Mg aluminum alloys.
For the former eutectic composition, a heat ofdof 365.8 kJ/kg is estimated. For the latter, an
effective specific enthalpy change over the meltemgge of 498.7 kJ/kg is estimated.

4 Example of TES Utilization with a Coal Power Rlan

Two TES units could ideally be utilized to tempdsaincrease the electrical power output by a coal
plant by a factor of three during an interval ajthielectricity demand when consumers are willingdg
a higher price for electricity by charging the T&8ts during an interval of low electricity demawtien
the price of electricity is low. In this case,260 MWt coal plant with a supercritical steam cycle
nominally outputting 550 MWe is assumed. The soitezal steam temperature exiting the boiler is
593 °C and the pressure is 24.1 MPa. Feedwatetumed to the boiler or TES at no less than Z&0 °
Each TES unit can be charged in four hours sudttlieatotal energy storage is 1350 MWt x 8 hours.
Each TES is coupled to its own supercritical stegoie power converter. Discharging the two units
simultaneously over four hours provides a totatteleal output of 3 x 550 MWe = 1650 MWe. Thus,
the baseline full-size TES unit can store 1350 M\Wthours of energy and can be charged or
discharged in 4 hours. Each TES unit needs itsawdicated supercritical steam cycle power conkerte

A separate significant benefit of TES is that itnéhates the detrimental effects of thermal cyclaighe
coal plant components (i.e., the boiler, steansliterbine, etc.) that would otherwise be needed to
perform load following [2]. As the U.S. electriggiid continues to evolve, load following may be
forced upon power plant operators as a means séttifig the variable nature of electricity genenati
from the ever increasing contribution of renewadtergy sources [2]. Thermal cycling from load
following shortens the life of these components eaua force the power plant owner to retire a power
plant earlier than originally planned.

5 Conceptual Designs of Full-Size TES Units

Argonne developed conceptual designs for full-3iES units. Alternate approaches involving alteznat
configurations were covered. Drawings for theraliée approaches were prepared by Argonne.

6 Coupling TES to a SFR

The Advanced Fast Reactor (AFR)-100 SFR employgparsritical carbon dioxide (sCO2) Brayton
cycle power converter [3 and 4]. The AFR-100 poleeel is 250 MWt. Heat is transferred from the
intermediate sodium loops to the CO2 through sodioh@O2 heat exchangers. The intermediate
sodium enters the heat exchangers at 528 °C atsla#X373 °C. An idealized TES technology for the
AFR-100 would be charged with sodium heat cartigdfentering the TES at 528 °C and when
discharging would heat CO2 with sodium enteringgbeéium-to-CO2 heat exchanger at 528 °C. The
idealized preferred technology when charging waatdrn intermediate sodium from the TES at 373 °C
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and when discharging would cool the sodium exitmgsodium-to-CO2 heat exchanger with CO2 to
373 °C.

Alternate schemes for coupling the AFR-100 to alum alloy-based TES were investigated by
Argonne. A scheme that effectively meets the negpénts was identified by Argonne. It enables more
electricity to be delivered to the electrical poweid when demand is high and less electricitydo b
delivered when demand is low.

7 Coupling TES to a Coal Plant with a Supercritisedam Cycle

The coal-fired plant without TES is assumed to gatee1350 MWt of thermal power and incorporate a
supercritical steam cycle with an electrical powetput of 550 MWe. The boiler steam exit pressure
and temperature are 24.1 MPa and 593 °C, respbcfble The feedwater is returned to the boiler at
260 °C.

Alternate schemes for effectively coupling aluminathoy-based TES to the assumed coal-fired plant
were identified by Argonne.

8 Preliminary Cost Estimate Comparison of Alumindhoy-Based TES with Other Energy Storage
Technologies

A preliminary cost estimate comparison was caroietby Argonne for the case of energy storage
coupled to a coal plant. Lithium-ion batteries ameurrent state-of-the-art solution for energyasge.
While typical figures of merit for lithium-ion baties vary in the literature, fairly representatnadues
are an energy density of 620 W-hour/Liter, capitat of 150 $/(kW-hour), round trip efficiency a80,
and 1,500 number of usable cycles. In particlitilum-ion batteries have a short useful life énrhs of
number of charging/discharging cycles. With thegmbers, the capital cost just for batteries toesto
550 MWe of power over 4 hours is $ 330,000,000tetms of capital cost per unit of stored energy pe
cycle, this is 12.5 cents/(kWe-hour-cycle). Howeaéer 1,500 cycles, the batteries will needéo b
replaced incurring another capital expenditure.

For thermal energy storage, a popular technologtishcurrently envisioned for use with solar power
tower Concentrating Solar Power (CSP) power plantso tank energy storage using liquid salt. The
salt, called solar salt, consists of a eutectictimexof sodium nitrate and potassium nitrate. @bjpgm
with solar salt is that it decomposes at high tenajoee limiting the maximum salt temperature towtbo
565 °C. Although other salts than solar salt Hasen proposed for extension to higher temperatures,
none have yet been proven to work satisfactofilige report, “Concentrating Solar Power Gen3
Demonstration Roadmap,” NREL/TP-5500-67464, Nafiétenewable Energy Laboratory, January
2017 [6], contains cost estimates for liquid dadirtnal energy storage systems. The capital cast of
system to store 2,700 MWt- hour of energy is $53@0M For 1,350 MWt of energy stored for four
hours, the stored energy is 5,400 MWt-hour. Thienesed cost for a pair of two tank liquid saltrsige
systems is thus $106,000,000. A power converteeésled to transform the stored thermal energy into
electrical power. Assuming that the capital cdst superheated steam cycle power converter istabou
$1,000/kWe, the power converter cost to generadeNd®/e is $550,000,000. Thus, the total cost is
$656,000,000. Assuming a 30 year lifetime andaatphvailability of 0.9, the cost per unit electic
power output per cycle is 3.0 cents/(kWe-hour- gyclénis is significantly lower than the estimate f
lithium ion battery energy storage.
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For BgtL’s proposed aluminum alloy thermal enertgyage, a preliminary cost estimate was carried out
by BgtL. Their estimate of the cost of aluminurowgithermal energy storage is less than that of two
tank liquid salt thermal energy storage. Howeliguid salt cannot be used with the baseline coalqy
plant because of the salt decomposition at higlp&ature while aluminum alloy can be used and
matched to the supercritical steam temperaturénepibe boiler.

The aluminum alloy TES technology is applicablemy coal power plant. It is thus applicable toodll
the industrial scale, small utility scale, and &tgility scale market segments. The aluminumyalleS

is competitive with alternative current commera@al emerging technologies including lithium ion
batteries and two tank liquid salt thermal enertgyagge. The latter is limited in temperature rabhge
decomposition of salt limiting the maximum temparatto a value of about 565 °C. Although other
salts than solar salt have been proposed for artets higher temperatures, none have yet beereprov
to work satisfactorily. The aluminum alloy-basedS can be used at higher temperatures up to 660 °C.
The capital cost per unit of stored energy pereyat the aluminum alloy TES is competitive with
alternative technologies especially lithium-iontbeies. This is the main commercial benefit @& th
aluminum alloy TES technology. The above comméesaessment is adequate in demonstrating the
potential for a lower capital cost per unit of sithienergy per cycle compared with lithium-ion bgtte
energy storage and thermal energy storage usinggimks of liquid salt.

9 TES Unit Transient Performance Computer Code

A Fortan computer code was developed by Argonmealculate the transient charging and discharging
performance of TES units. The code models thesieaih heat exchange processes taking place between
the aluminum alloy and the heat carrier fluid sastsodium or carbon dioxide for applications invadv
coupling of TES to a SFR with a sCO2 Brayton cyaever converter. The computer code is fast
running enabling the user to carry out many cateuta to find an optimal design.

10 TES Unit Transient Performance Calculations

The new computer code was applied by Argonne terdehe the transient charging and discharging
behvaior of full-size TES units. It was establdhieat TES units can be practically designed thegtm
the requirements for charging and discharging imioers of hours consistent with uilization on aylail
twenty-four hour cycle. For specific applicatianthe AFR-100 SFR, a charging and discharging time
interval of twelve hours each is assumed. It waaldished that the aluminum alloy can be heated
essentially through the melting transition durihg tharging phase in the required amount of tinte an
cooled essentially through the freezing transiianng the discharging phase in the required amotint
time.

11 TES Unit Optimization

Many calculations were run byArgonne to optimize tlesign of modular TES units for use with the
AFR-100. Each module is limited in size to be g$@ortable following manufacturing in a factory.
Babcock & Wilcox states that their mPower Small Miad Reactor (SMR) is rail shippable to any point
in North America in an envelope of 15 feet (4.6bm)75 feet (23 m) and 500 tons (450 tonnes) [7].
These limits were assumed for each TES moduleopiimized design was determined by Argonne.
The optimized design incorporates a cylindricalsetsvith a diameter equal to or slightly below 6
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(15 feet). The height is well below the 23 m (@Bt} limit and the mass is below the 450 tonne® (50
tons) limit. Each module is transported with thex@anum incorporated in a solid state. The velpoit
sodium or CO2 was limited to keep the pressure thioqugh the TES unit less than 0.1 MPa (i.e., abou
one atmosphere).

12 Conceptual Design of a Small-Scale Testing Faddr Testing of a Prototype TES Unit

The next step in development of aluminum alloy-daBES should be to advance the state of
development of BgtL’s aluminum alloy TES technoldbyough the design, fabrication, and testing of a
prototype TES unit. The prototype unit will haveanfiguration that is scaled-down in floor areanfra
commercial-size system but is scaled one-to-omeight and incorporates the identical materials and
technologies as a commercial-size system. Teustithgnvolve the same conditions of temperatures,
pressures, and scaled down flowrates of the cdrear exchange fluid as in a commercial-scaleinrat
SFR NPP. A secondary objective will be to tesprove if necessary, and validate the computer code
developed by Argonne under this GAIN Project tadmethe TES unit transient performance and
optimize its design for application to future TBStems for SFR and coal power plants.

Argonne developed a conceptual design for a tegdicifity for testing a prototype TES unit. The
appropriate size in charging and discharging pdaea prototype TES unit was determined by
Argonne. It was found that the charging and disging power of a prototype TES unit with sodium
heat carrier fluid and charging and dischargingesrof twelve hours each would be about 50 kW @. les
Drawings of the testing facility concepts and altge prototype TES units were prepared by Argonne.

13 Recommended Future Work Under a Future GAIN Awar

BgtL with strong support from Argonne prepared @gmsal for continuation of this work under a second
GAIN award under the second year of the GAIN Progrd he requested amount of $ 500,000 versus
$ 300,000 for this award would have enabled sigaift additional progress toward commercialization.
Unfortunately, that proposal was not awarded. Bagtt Argonne intend to submit a proposal to
continue this work under the third year of GAINhig report provides documentation of the
accomplishments during this Project which is viewsdhase 1 of a longer development effort. BgtL
with strong support from Argonne will again submiRequest for Assistance under the third yearef th
GAIN Program to continue the work under a secorasph

In Phase 2 of this project proposed under a fulluelear Energy Voucher program, BgtL will again
work with Argonne to continue the development & TES technology. BgtL will utilize Argonne’s
unique modeling and analysis capabilities, spediffcthe new TES computer code that was developed
at Argonne during Phase 1, which will be furtheveleped in Phase 2 to optimize the design of TES
units and TES systems for applications to diffeesrgrgy systems. Together with Argonne, BgtL will
further refine TES system cost estimates includiogt per unit of stored energy per cycle for
applications to different energy systems. Thid wefine the case for commercialization of the
aluminum alloy-based TES technology. Based on fimaglea small-scale prototype TES unit for testing
under prototypical conditions shall be designedfabdcated. Argonne will also continue and cortgple
the design of a new testing facility for reducediecTES system testing, procure parts and compsnent
and carry out assembly. Testing with the smallespeototype TES unit shall be initiated. ThisIvog

the first time that an aluminum alloy-based TES will have been tested. Depending upon the test
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results, it may be necessary to modify the TES design or materials and continue testing with the
modified unit.

Successful continuation of this Project with a setphase will contribute to advancing nuclear eperg
deployment by developing a TES system with a mgltieezing range better matched to the reactor core
inlet and outlet temperatures while reducing th&t per unit of stored energy per cycle. BgtL's TES
technology can enable a SMR nuclear power planPjNfach as an AFR-100 SFR NPP to perform load
following over a wide range of loads without haviegchange the reactor operating conditions. This
reduces thermal stresses and thermal fatigue atore@omponents thereby enabling load following and
contributing to enhanced safety. On a small datsd power grid, load following would be a
requirement for a SMR NPP such as the Argonne ABRSFR SMR design. With thermal energy
storage, the reactor can be operated at essentialprying conditions using the TES system to store
thermal energy when the demand for electricitpw &nd providing thermal energy at a greater rate
when the demand for electricity is high.

Acknowledgements

Argonne National Laboratory’s work was supportedhsyU. S. Department of Energy Gateway for
Accelerated Innovation in Nuclear (GAIN) PrograndanPrime Contract No. DE-AC02-06CH11357
between the U.S. Department of Energy and UChigagonne, LLC. The authors are grateful to
Hussein Khalil (Argonne) and John Howard Jacksdal{® National Laboratory) who manage the
GAIN Program at Argonne and INL. Special thankga@&hijun Jia, Cindy Jia, and Tom Parlow of
BgtL. Figures were drawn by Lu Krajtl (Argonne).

References

1. M. Yan and Z. Fan, "Review, Durability of Mat#s in Molten Aluminum Alloys," Journal of
Materials Science, Vol. 36, pp. 285-295, 2001.

2. "Staff Report to the Secretary on Electricityriktgs and Reliability," U.S. Department of Energy,
August 2017.

3. J. J. Sienicki, A. Moisseytsev, and Q. Lv, "}y Cooling and the sCO2 Brayton Cycle," GT2017-
64042, Proceedings of ASME Turbo Expo 2017, Chiar|®C, June 26-30, 2017.

4. J. J. Sienicki, A. Moisseytsev, and L. Krajt\ Supercritical CO2 Brayton Cycle Power Convertar f
a Sodium-Cooled Fast Reactor Small Modular ReddRmwerEnergy2015-49185, Proceedings of
ASME Power & Energy Conference 2015, ASME 2015 eldar Forum, San Diego, CA, June 28-July
2, 2015.

5. "Advancing Oxycombustion Technology for BitumirsoCoal Power Plants: An R&D Guide Final
Report," DOE/NETL-2010/1405, U.S. Department of igye National Energy Technology Laboratory,
April 2012.

6. M. Mehos et. al., "Concentrating Solar Power Gé&emonstration Roadmap,” NREL/TP-5500-
67464, National Renewable Energy Laboratory, Jan2@t 7.

7. N. Spring, The mPower Modular Reactor,” Nucleawer International, March 2010, pp. 16-18.

ANL-1060 (10/07/2016)



Summary of Technology Transfer Benefits to Industry

The Fortran computer code developed by Argonneemitible BgtL to better design TES units to meet
the requirements for charging and discharging pecgic applications. BgtL will be able to optineiz
TES unit designs to make them more economical.

The schemes developed by Argonne for coupling alumialloy-based TES units to nuclear and coal
power plants will assist in the development oferket for TES by showing potential customers how
TES can practically be used with a heat source.

Other Information/Results: (Papers, Inventionsi\Vé&re, etc.)

The scheme for coupling aluminum alloy-based TE& &R has been claimed as an invention by
Argonne.

A Fortran computer code modeling the transient iehaf aluminum alloy-based TES units has been
developed by Argonne.
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